Here, we describe the zebrafish (Danio rerio) as a vertebrate model system to study liver regeneration with the added benefit of its powerful genetics and screening possibilities to uncover the molecular pathways underlying liver regeneration. We developed a partial hepatectomy (PH) protocol in zebrafish and investigated in detail the cellular and morphological changes during the process of liver regeneration. We show that the type of regenerative response is dependent on the size of the injury sustained by the zebrafish liver. Furthermore, we demonstrate for the first time that the mechanisms of liver regeneration in zebrafish after PH are strikingly similar to those of rodents and humans, with 100% recovery of the liver mass after 6 -7 d postsurgery. This occurs via compensatory growth mediated by proliferation of hepatocytes throughout the entire liver remnant. By analyzing transgenic fish expressing dominant-negative forms of either bone morphogenetic protein (BMP) receptor or fibroblast growth factor (FGF) receptor 1, we demonstrate that the BMP and FGF signaling pathways are crucial regulators of the early events during liver regeneration after PH. Our study demonstrates that the mechanisms of liver regeneration in zebrafish are highly similar to the processes ongoing during mammalian liver regeneration and make the adult zebrafish a suitable model system to study the mechanisms of liver regeneration. 
The liver of higher vertebrates, including humans, can precisely regulate its growth and mass and possesses the remarkable feature to regenerate even after massive tissue loss. Nevertheless, an inability to regenerate damaged liver tissue is observed in diseases such as cirrhosis or hepatitis, which are often accompanied by the development of hepatocellular carcinomas, the fifth most common cancer in the world. In mammals, the liver regenerates in a compensatory fashion, which means that the original liver weight is regained by a compensatory growth of the remaining liver tissue (1, 2) . This process is mainly mediated by proliferation of hepatocytes that reenter the cell cycle. This is in contrast to epimorphic regeneration, where damaged or lost tissue is directly restored. Extensive studies (2, 3) in rodents have uncovered a role for cytokines, growth factors, and cellular events as major players in regulating the complex process of liver regeneration. However, the initial signal that triggers the molecular machinery of regeneration in the liver and the mechanisms that regulate the restoration of the precise liver size remain largely unknown.
The zebrafish model represents a well-established genetic model to study molecular mechanisms of vertebrate development (4, 5) . To take advantage of this excellent genetic model system and extend it into the area of regenerative hepatology and hepatopathology, we aimed to establish more powerful methods to study liver regeneration in zebrafish. In mice and rats, a 2/3 partial hepatectomy (PH) is commonly used to study hepatocyte-mediated liver regeneration. After surgical removal of 60 -70% of the liver mass, hepatocytes, which under normal conditions are quiescent, synchronously reenter the cell cycle and begin to proliferate, with a peak of proliferation between 12-48 h postsurgery, depending on the species studied (6) . Within the following 7 d, the original liver mass is completely reconstituted by this compensatory growth. Zebrafish, in contrast, are known for their ability for epimorphic regeneration, which means amputated fins, heart, spinal cord, and retina can regrow via an intermediate step, the formation of a blastema, a mass of undiffer-entiated cells that finally differentiate again and reconstitute the lost tissue (reviewed in ref. 7) . To use the zebrafish as a model organism for liver regeneration studies and to be able to extrapolate this knowledge to higher vertebrates, including humans, we examined whether the zebrafish liver regenerates in a manner similar to that described for mammals. Previous studies (8, 9) addressed this question only marginally, and the chosen experimental setup did not allow a full description of the regenerative capacity of the zebrafish liver.
Here, we developed an extended PH technique and a liver weight analysis protocol in adult zebrafish and describe for the first time in detail the cellular and morphological events in the regenerating zebrafish liver in response to a 1/3 PH and discuss our findings in light of the previously published protocols. We show that, in contrast to previous studies and other organs that are known to regenerate epimorphically, the zebrafish liver regains its original organ mass via compensatory growth mechanisms similar to those of the mammalian liver. We demonstrate that after our PH protocol, hepatocytes throughout the entire zebrafish liver reenter the cell cycle and reconstitute the presurgical liver mass. The dynamics of liver mass restoration were found to be strikingly similar to those of mammals. In contrast to the effect seen after PH, which leads to a compensatory growth of the remaining liver, we found in addition that local injuries result only in local proliferative responses, again mediated by hepatocytes.
To demonstrate that the molecular events during zebrafish regeneration after PH are also comparable to those in mammals, we analyzed the bone morphogenetic protein (BMP), fibroblast growth factor (FGF), and Wnt/␤-catenin signaling pathways, which have recently been demonstrated to be involved in the regenerative response of the liver in mice and humans and are important regulators of liver development in zebrafish (10 -14) . We also show that zebrafish liver regeneration after PH is heavily impaired in the absence of either BMP or FGF signaling and demonstrate that BMP signaling is able to directly regulate proliferation of hepatocytes in vitro, supporting the hypothesis that growth factors are crucial key players in regulating liver regeneration. Finally, we also provide evidence that the Wnt/␤-catenin pathway is activated during regeneration after PH in zebrafish.
This study demonstrates that the mechanisms of liver regeneration in zebrafish are strikingly similar to the processes taking place during liver regeneration in mammals.
MATERIALS AND METHODS

Animal strains
All zebrafish used in this study were between 4 and 12 mo of age. The following lines were used: AB, Wlk, and Ekkwill wild-type strains and transgenic fish lines Tg(hsp70l:dnbmpr-GFP) (15) and Tg(hsp70l:dnfgfr1-EGFP) (16) . All animals were maintained and crossed according to standard methods (17) .
PH, surgeries, and liver weight analysis
Adult zebrafish were deprived of food 24 h before surgery. Fish were anesthetized in 0.015% Tricaine solution for 1 min and placed on a wet sponge with the ventral side up, and the scales were removed from the ventral body wall using forceps. Next, the ventral body wall was opened by a 3-4 mm incision. The ventral liver lobe was carefully pulled out of the peritoneal cavity and resected at the very base of the lobe. Special care was taken to resect the whole ventral lobe without damaging other areas of the remaining liver tissue. Removal of the ventral lobe led to a 30% PH. For local, incomplete PH and surface scratch experiments, the ventral lobe was exposed, and a 0.5-mm piece of liver tissue from the tip of the lobe was resected, or a small scratch (0.5-1 mm) was introduced to the liver surface using sharp forceps. The remaining liver was placed back carefully into the peritoneal cavity. Finally, the body wall was closed with Nexaband liquid topical tissue adhesive (5295-04-01; Abbott Laboratories, Abbott Park, IL, USA). The animals were placed into fresh fish water and monitored for full recovery for 2-4 h at room temperature before transfer to 28°C water tanks. Sham-treated animals were subjected to the same procedure excluding liver resection. The postoperative survival rate was ϳ90%, with most deaths occurring on the day of surgery.
Transgenic zebrafish lines were subjected to heat shock (37°C for 12 h) directly before and every following night after surgery until the fish were analyzed. Transgenic fish were identified by ultraviolet light scanning, and only GFP-positive animals were subjected to surgery. Control wild-type animals were subjected to the same heat-shock protocol. For analysis, animals were anesthetized in tricaine solution, and livers were dissected out and processed. All fish were weighed directly before and after surgery. All animals were placed on dry KimWipe paper (Kimberley-Clark, Irving, TX, USA) before weighing to remove excess water. Dissected livers were also carefully dried on paper (KimWipe) and weighed on an analytical balance.
For bromodeoxyuridine (BrdU) incorporation experiments, 25 l of BrdU solution (5 mg/ml PBS) was injected intraperitoneally 8 h before liver dissection.
Immunohistochemistry
Zebrafish livers were fixed in 4% paraformaldehyde (PFA) overnight at 4°C, washed in PBS, dehydrated, and embedded in paraffin. Histological staining of 7-m-thick paraffin sections was performed according to standard protocols. Immunohistochemical analysis on paraffin sections was performed as described elsewhere (18) . Antibodies were as follows: anti-proliferating cell nuclear antigen (PCNA) (P8825; Sigma, St. Louis, MO, USA), anti-Prox1 (AB5475; Chemicon, Temecula, CA, USA), anti-BrdU (OBT0030; Accurate Chemicals, Westbury, NY, USA), anti-␤-catenin (610153; BD Biosciences, San Jose, CA, USA), and Alexa 488 and 596 coupled anti-rabbit and anti-mouse (Molecular Probes, Eugene, OR, USA).
Zebrafish liver cell culture
Liver cell cultures were established as described elsewhere, with minor modifications (19) . In brief, adult male zebrafish were deeply anesthetized in Tricaine solution and rinsed with 70% ethanol and sterile PBS. Livers were dissected, rinsed with PBS, and incubated in 0.25% trypsin-EDTA solution (Life Technologies, Inc., Carlsbad, CA, USA) for 5 min at room temperature. The tissue was triturated to a single-cell suspension by gentle pipetting and collected by centrifugation (500 g, 5 min). Liver cells were resuspended and plated in LDF (50% Leibovitz's L-15, 35% Dulbecco's modified Eagle's, and 15% Ham's F12) medium (19) supplemented with 5% heat inactivated fetal bovine serum (Life Technologies, Inc.), 50 ng/ml epidermal growth factor (R&D Systems, Minneapolis, MN, USA), 0.01 mg/ml insulin (Sigma), 15 mM HEPES, and 0.15 g/L sodium bicarbonate. Liver cells from wild-type and dominant-negative (dn)BMPR transgenic fish were cultured in 100% atmospheric air, either at 28°C (normal culture conditions) or heat shocked at 37°C (for 8 h every day) to induce expression of dnBMPR. Twenty-four hours after plating, cells were treated with the following recombinant proteins: 1) BMP2; 2) Noggin; or 3) BMP2 ϩ Noggin (provided by Dr. Senyon Choe, Salk Institute) at different concentrations for 2-4 d. On the day of final analysis, BrdU was added to the medium for 4 h (final concentration 0.5 mg/ml). Finally, cells were washed with PBS, fixed with 4% PFA, and subjected to immunofluorescence analysis. All experiments were performed in independent triplicates.
RESULTS
Morphology of the zebrafish liver
The adult zebrafish liver consists of 3 lobes. Besides the ventral lobe (Fig. 1A, lobe 1) , there are two more dorsal lobes (Fig. 1A, lobes 2 and 3 ). Sometimes fusion of the two dorsal lobes at their posterior end can be observed (Fig. 1A) . Because of its soft and gel-like consistency, dissection of nonfixed zebrafish liver tissue often leads to a loss of one of the dorsal lobes. This might explain the differences to previous studies in which the zebrafish liver has been described as a bilobed organ (9) . However, all zebrafish analyzed in this study (ϳ200) exhibited the morphology of a trilobed organ. Furthermore, to exclude strain-specific differences, 3 wild-type strains were analyzed, and no differences in the number of liver lobes were found.
Zebrafish liver-to-body weight ratio (LBR) is a constant parameter
In mammals, PH leads to a compensatory growth of the liver until the original organ weight is regained (1, 3) . Since the liver weight varies between different animals, the standard parameter used to study liver regrowth is the LBR, which has been shown to be constant within species, including mice and humans (6) . To be able to use this parameter in zebrafish liver regeneration studies, we evaluated two parameters: absolute liver mass and the LBR of individual zebrafish (Fig. 1B, C) . Absolute liver mass of 13 females and 15 males was determined, and we observed dramatic variations among individual specimens (Fig. 1B) . This variance makes it difficult to use this parameter to monitor liver regeneration reliably. However, we found that, as in other species, the zebrafish LBR is constant. (Fig. 1C) . We did not find age-dependant variations of the LBR when comparing animals of different ages (12 and 4 mo, data not shown). Interestingly, and similar to absolute liver mass values, we observed a difference in LBR between males and females. In males, the liver constitutes ϳ2.10% of total body weight, whereas in females, the liver is ϳ4.51% of the total body weight, indicating that the LBR displays sexual dimorphism in zebrafish. Due to these results, we decided to use the LBR as a parameter to study liver regeneration in zebrafish, with males and females separated in all further studies (see Materials and Methods for the precise procedure).
PH
PH in mammals involves the resection of ϳ2/3 of the liver. In our study, we removed the whole zebrafish ventral lobe, which results in a loss of ϳ1/3 of the liver weight as monitored by calculating the LBR. The cartoon in Fig. 1D shows a zebrafish liver from a lateral view and the cut site used to remove the ventral lobe. Figure 1DЈ , DЉ shows ventral and lateral views of a zebrafish liver after resection of the ventral lobe (see Fig. 1A for intact livers with different views). After surgery, the animals moved slower and became less active for the first 1-2 h. After this period, no behavioral differences were observed between nontreated and treated zebrafish (sham surgery and hepatectomy). The survival rate was Ͼ90% after overnight recovery for both sham-treated (45/49) and hepatectomized animals (76/81). The removal of 2 liver lobes (ventral and either the left or right dorsal lobe, resulting in a 2/3 hepatectomy) led to strong bleeding and, most likely, dramatic perturbations in blood circulation accompanied by a dramatic reduction in overnight survival rates (1/14), with no survivors after 2 d of recovery. Therefore, we used the 1/3 PH protocol for all further studies.
Zebrafish liver mass restoration after PH
To follow liver regeneration and anatomical changes after PH, animals were sacrificed at different time points after surgery. For control experiments, sham surgeries were performed by opening and closing the body wall without perturbing the liver. Due to its gel-like consistency, it is difficult to dissect the entire liver without damaging or losing parts of the tissue. Therefore, we applied in situ fixation with 4% PFA before organ resection. This technique allowed organ preservation for anatomical and histological analysis and allowed us to dissect out the livers without causing organ damage. Representative images of intact and hepatectomized livers are shown in Fig. 1A , D, respectively.
To study liver mass recovery after PH, adult animals were sacrificed at d 0, 1, 2, 3, 4, 5, 7, 11, 14, and 28 after surgery and at least 5 animals were analyzed for each time point of each group. As shown in Fig. 1E , immediately after surgery LBRs were reduced to ϳ65% compared with the LBR of control animals, indicating a 1/3 PH. However, within 7 d postsurgery, the liver mass returned to normal levels, as calculated by monitoring the LBR. In the following 2-3 d, a further increase in liver mass was observed, resulting in 10% higher LBRs than controls. This increase was followed by a LBR decrease to 90% in regenerating animals by d 14 postsurgery. Finally, 28 d after surgery, the LBR of hepatectomized animals exhibited values comparable to control animals. This dynamic of liver mass recovery in zebrafish after PH is remarkably similar to liver regeneration processes seen in mammals, where regenerating livers also exhibit an overshooting of the liver mass, followed by a weight fine-tuning before reaching the original liver mass (20) . We next evaluated whether the dynamic of liver mass recovery is different for male and female zebrafish (Fig. 1F) . As show in Fig. 1F , both males and females follow similar dynamics of liver mass recovery. However, the regeneration process appears to be slightly delayed in female zebrafish. Nonetheless, both males and females reach 100% recovery of liver weight between d 6 and 7 after the hepatectomy.
PH results in a compensatory growth of hepatocytes in zebrafish liver
Liver regeneration in mammals occurs in a compensatory fashion, and ablated liver lobes never grow back. The original liver mass and function are reached by compensatory growth of the remaining liver lobes, a process mainly mediated by hepatocytes that reenter the cell cycle (20, 21) . Therefore, we addressed the question of how the zebrafish liver recovers after 30% PH and analyzed the liver morphology at different time points after resection. We observed that after PH, the resected ventral lobe was absent at all stages analyzed. Figure 2A shows representative pictures of zebrafish livers at 3, 5, and 28 d postsurgery. Because we never observed a reappearance of the resected ventral lobe in any of the analyzed animals (we analyzed fish up to 6 mo post-PH, not shown), we concluded that the zebrafish liver, similar to that of mammals, also regenerates in a compensatory fashion.
Next, to substantiate these findings, we analyzed cell proliferation after PH. Zebrafish were subjected to PH and sacrificed at different time points after PH, and their livers were analyzed. The complete livers were sectioned, and proliferating cells were detected by PCNA immunohistochemistry. Representative pictures are shown in Fig. 2B-E . In control livers, we rarely observed PCNA-positive cells. Both areas close to the surface of the lobes (Fig. 2B) as well as the parenchyma in deeper areas contained only a very few proliferating cells (Figs. 2C and 3A) . In contrast, widely distributed and strong anti-PCNA staining was observed in all areas of hepatectomized livers (Figs. 2D, E and 3B, C) . The strong PCNA labeling of proliferating cells in the gut served as an internal control. Comparable results were obtained by BrdU incorporation studies, which also showed strong proliferation in the dorsal lobes distant from the cut site at the ventral lobe (Fig. 2F) . These findings are in agreement with findings in mammals, where the liver has been described as a quiescent organ that begins to proliferate strongly after PH (1, 3) . Furthermore, we observed that again, similar to mammals, hepatocytes are the main cell type that begin to proliferate in response to PH as shown by colocalization of PCNA-positive cells with Prox1, a hepatocyte-specific transcription factor, 3 d after PH (Fig. 2G; ref. 22) . In response to PH, hepatocytes in mammals reenter the cell cycle, with a peak of cell proliferation 24 -48 h after PH (6) . To determine the proliferation profile of the zebrafish liver, we analyzed the number of proliferating cells at various time points after PH. Fig. 2I ). We observed no significant increase in the number of PCNA-positive cells during the first 2 d after removal of the ventral lobe. However, by d 3 after PH, the number of PCNA-positive cells increased dramatically (ϳ100-fold) and declined again slowly during the following 4 d. At d 7 after PH, we still observed on average 40 PCNA-positive cells/ 1000 cells, compared with 1-3 cells under control conditions. Again, these results are in strong agreement with the mammalian model, where PH induces a synchronous and robust proliferative response of hepatocytes, with a species-specific timing for the peak of proliferation (6) .
Local injury in the zebrafish liver induces a local regenerative response
In previous studies (9) , it has been postulated that PH in zebrafish leads to an increase in PCNA-positive cells exclusively at the site of resection. However, we observed in our studies an increase in PCNA-positive proliferating cells throughout the remaining liver lobes after resection of the complete ventral lobe resulting in a 30% hepatectomized liver. In contrast to controls, which very rarely showed proliferating cells in intact liver tissues (Fig. 3A) , a strong increase in the number of proliferating cells in the parenchyma of both uncut dorsal lobes far away from the site of resection was observed at d 3 post-PH (Fig. 3B, C) . BrdU incorporation studies after PH showed similar results (Fig. 2F and data not shown). Since the resection of 30% of the liver mass led to a proliferative response throughout the remaining lobes, we asked whether smaller, local injuries would induce a different regenerative response. Therefore, we removed only the tip of the ventral lobe, which represents ϳ10 -15% of the ventral lobe (ϳ3-4% of the total liver mass). Anti-PCNA analysis of the liver 3 d after removal of the ventral liver tip showed a strong increase in the number of proliferating cells at the cut site of the ventral lobe (Fig. 3D) . However, little anti-PCNA staining was found in deeper areas of the ventral lobe (Fig. 3D) . Furthermore, we did not find any increase in cell proliferation in the dorsal lobe (Fig.  3E) . Similar results, with no increase in cell proliferation in areas far away from the cut site and a strong increase in the vicinity of the cut site, were obtained at d 5 and 7 after removal of the ventral liver tip (data not shown). Most cells that reentered the cell cycle were identified as hepatocytes, as demonstrated by antiProx1 immunohistochemistry (Fig. 2H) . Next, we introduced local injuries at the ventral liver lobe surface by scratching the tissue with forceps, analyzed the livers 3 d later, and obtained similar results as with the removal of the ventral lobe tip. Again, cells reentered the cell cycle in close vicinity to the scratched surface (Fig. 3F) and were found to be mostly hepatocytes (Fig.  3G) . Also comparable to the previous experiment, very little anti-PCNA staining was found in deeper areas of the ventral lobe and, as in controls, almost no staining was observed in dorsal lobes (Fig. 3F and data not shown). These findings demonstrate that the type of regenerative response of the zebrafish liver is dependent on the size of the injury sustained by the liver.
BMP, FGF, and Wnt/␤-catenin signaling pathways are involved in zebrafish liver regeneration
In mammals, several signaling pathways have been shown to be involved in regulating liver regeneration after PH, including BMP, FGF, and Wnt signaling, which are capable of modulating hepatocyte proliferation (10 -13, 23, 24) . Moreover, all 3 pathways were also recently identified as important regulators of liver development in the zebrafish embryo (14, 25) . Therefore, we first analyzed the presence of FGF receptor (FGFR)and BMP receptor (BMPR) in the adult zebrafish before and after PH. RT-PCR analysis revealed that mRNAs of the corresponding receptors could be found in the zebrafish liver (Fig. 4A) . To investigate whether BMP and FGF signaling pathways are also involved in zebrafish liver regeneration and to prove that our zebrafish PH model system can be used to address these kinds of questions, we analyzed the liver regeneration potential of two transgenic zebrafish lines. Both transgenic lines express, in an inducible manner, dominant-negative forms of either BMPR or FGFR. Both dnBMPR and dnFGFR1 proteins have been demonstrated to block most and possibly all BMP and FGF signaling, respectively (15, 16, 26, 27) .
Both transgenic fish and controls were subjected to 37°C overnight heat shock to induce the expression of dnBMPR or dnFGFR1, respectively. The onset of expression was monitored by the expression of a GFP reporter, and only GFP-positive fish were used for PH experiments. PHs were performed on both heatshocked transgenic and heat-shocked control wild-type fish. Animals subjected to overnight heat shock followed by PH showed slightly lower recovery than animals surgically treated without prior heat shock. All fish were subjected daily after PH to overnight heat shock before final analysis, and expression driven from the heat-shock-sensitive promoter was monitored under ultraviolet light. We analyzed liver mass regeneration by measuring the LBR at different time points after 1/3 PH (Fig. 4B ). As shown in Fig. 4B , 5 d after PH, LBRs in both male dnBMPR and dnFGFR1 transgenic fish were remarkably lower compared with wild-type heat-shock-treated animals. At d 7 after PH, fish expressing dnFGFR1 still had reduced LBRs of ϳ20% compared with controls. dnBMPR transgenic fish also showed reduced liver mass at d 7, although the difference was not statistically significant, due to the large variation seen within these fish. By d 9 both transgenic and control fish had comparable LBRs. To clarify that the effect seen at d 5 and 7 in the transgenic lines is not sex specific, we also analyzed female fish with inhibited BMP signaling (Fig. 4B) . As expected, female dnBMPR transgenic fish also showed a remarkably reduced liver mass 5 and 7 d after 1/3 PH. In summary, these data indicate that in zebrafish, FGF and BMP signaling also contribute to the correct orchestration of liver mass recovery after PH.
To determine whether BMP signaling is capable of regulating hepatocyte proliferation, we analyzed liver cell proliferation in vitro. Under standard culture conditions, adult zebrafish liver cells begin to reenter the cell cycle 3 d after plating, with a peak of proliferation at d 4 -5, as analyzed by BrdU incorporation studies (data not shown). To assess a direct role of BMP signaling on cell proliferation, we treated zebrafish liver cells 24 h after plating for 4 d with different concentrations of recombinant human BMP2 and analyzed cell proliferation by BrdU incorporation (4 h BrdU pulse; Fig. 4D ). In the presence of BMP2, cultured adult liver cells revealed increased proliferation. Both nonheat-shock-and heat-shock-treated wild-type cultures showed a 1.8-to 2.2-fold increase in the number of BrdU-positive liver cells with 50 and 100 ng/ml of BMP2. However, the effect on cell proliferation was completely abolished when BMP2 was given together with the BMP antagonist Noggin or when liver cells expressing a dnBMPR were used (Fig. 4D) . We again identified hepatocytes as the major cell type that started to proliferate after addition of BMP2 (Fig. 4C) , indicating that BMP signaling is able to regulate proliferation of hepatocytes in vitro and also during regeneration in the zebrafish liver.
A third signaling pathway playing crucial roles during liver development and liver regeneration is the Wnt/ ␤-catenin pathway (25, 28) . In rats and mice, it has been shown that after 70% liver hepatectomy, ␤-catenin is translocated to the cytosol/nucleus, a hallmark of active canonical Wnt signaling (23, 24) . In intact livers, ␤-catenin is found almost exclusively at the cell membrane in a complex with cadherins to form adhesion junctions. To test whether Wnt signaling is also activated in the zebrafish liver after PH, we performed immunohistochemistry to monitor ␤-catenin localization before and after PH (Fig. 5) . Similar to rodents, we found a transient activation of canonical Wnt signaling in the zebrafish after PH, as shown by the cytosolic/ nuclear immunostaining for ␤-catenin in hepatocytes (Fig. 5B, C) . Seventy-two hours after PH, only little cytosolic/nuclear ␤-catenin was found in hepatocytes (Fig. 5D) . In control animals, ␤-catenin was found almost exclusively localized to the cell membrane.
DISCUSSION
The 2/3 PH in mice represents the best established mammalian liver regeneration model. We aimed to establish a liver regeneration model in zebrafish to take advantage of the powerful zebrafish genetics and its excellent eligibility for both genetic and compound screenings to study the molecular mechanisms of liver regeneration. The size of the zebrafish liver varies between different animals, as does the animal size itself. However, liver regeneration after PH is often studied by taking advantage of the fact that the LBR is constant in many species. Our finding that the LBR is also constant in zebrafish allowed us to combine this parameter with PH protocols to study liver regeneration in zebrafish.
The zebrafish liver is composed of 3 lobes, and subjecting it to a 2/3 hepatectomy surgery, similar to what is done in mammals, led to a massive loss of blood shortly after resection, leading to 100% lethality within 48 h postsurgery. Therefore, we decided to remove only the ventral lobe, which results in a 1/3 hepatectomized liver. Afterward, the surgical procedure led to a strong increase in survival rates and allowed us to analyze regeneration after PH. We could demonstrate that the zebrafish liver responds to a loss of 1/3 of its liver mass by compensatory growth mediated by hepatocytes, which leads to a complete restoration of the liver mass within 7 d after surgery. In addition, we observed that the dynamics of liver mass restoration are also similar to those of mammals, with an increase above the preoperative liver mass, followed by fine-tuning in the following days (20) . Our observation that a 1/3 liver hepatectomy leads to an onset of proliferation throughout the entire liver is in contrast to an earlier study (9) that showed a regrowth of the amputated tissue within 7 d. The authors observed massive proliferation localized to the site of resection. However, the authors also documented some compensatory proliferation of hepatocytes distant to the cut site. This discrepancy led us to investigate whether the zebrafish liver is able to respond with different regenerative programs dependent on the injury size. It is documented that in mice and rats, the type of liver proliferative response is dependent on the degree of liver mass loss, with small local liver injuries leading to local response and a liver mass loss of Ͼ30% resulting in a strong regenerative response throughout the entire liver remnant and regenerative factors circulating in the bloodstream (20) . We believe that similar mechanisms are also present in the zebrafish liver, based on 3 experiments: 1/3 PH led to global liver proliferation response and local surface injuries, and removal of the tip of a liver lobe resulted in local hepatic proliferative response at the site of injury. These results are in agreement with the results of Sadler et al. (9) that described regrowth of the resected tissue. However, the authors describe in their study a PH protocol based on the assumptions that the adult zebrafish is a bilobed organ (1 ventral and 1 dorsal lobe). We have shown that the zebrafish liver is a trilobed organ composed of 1 ventral and 2 dorsal lobes. This discrepancy might result from different dissection methods, since liver dissection before fixation often leads to a loss of one of the dorsal lobes due to its gel-like structure. We presume that in this previous study only local injuries were introduced by resecting a piece of liver tissue, based on the assumption of a bilobed zebrafish liver, that was too small to induce a strong global liver response (9) . Local injuries sustained by the zebrafish liver, such as removal of the tip of a lobe or scratching the liver surface, result in a localized increase of the liver mass. Many organs in zebrafish, such as fins and heart, are able to regenerate in an epimorphic fashion, which includes the formation of a blastema. Our study shows that induction of local injuries induces proliferation of hepatocytes. We observed only very rarely proliferating and Prox1-negative cells close to the site of injury, very similar to the findings in mammals. Therefore, we conclude that liver regeneration after local injury is also similar to that of mammals, which is hepatocyte mediated and not of an epimorphic/blastema-mediated nature. Nevertheless, the precise mechanisms of this process in zebrafish need to be analyzed in more detail. However, removal of Ͼ30 -40% of the total zebrafish liver mass, as described in this study, results in a regenerative response of the entire remaining liver without regrowth of the resected tissue. Our observations indicate that the ability of the liver to regenerate in a compensatory growth fashion is not an evolutionary atavism inherited by mammals from lower vertebrates but rather a unique organ-specific feature of the liver that is already present in lower vertebrates, such as teleost fish.
Although the precise molecular mechanisms that orchestrate the regenerative response as well as regeneration itself are still not known, several key signaling pathways have been described in mammals to be involved in or to be able to regulate liver regeneration after larger tissue damage, such as applied in the 2/3 PH protocol (2). In our approach in establishing a liver regeneration model, we also checked for the appearance of 3 signaling pathways, namely BMP, FGF, and Wnt/␤-catenin signaling, which have been previously shown to be activated during liver regeneration in mammals (10 -13, 23, 24) and which, in addition, play crucial roles during liver development (14, 25, 26, 29 -32) . One of the strengths of the zebrafish model is the availability of an enormous mutant animal pool and its easy and straightforward handling in mutagenesis screens and the generation of transgenic lines. Therefore, to study the involvement of FGF or BMP signaling during zebrafish liver regeneration, we used transgenic animals that express dnFGFR or dnBMPR, resulting in a blockage of the respective pathways (15, 16) . We found in our study, that FGF and BMP signaling indeed play important roles in zebrafish during liver regeneration after PH. The blockage of either of these pathways led to a strong impairment in liver recovery, during the first week after PH. Despite the multiple roles of BMP proteins during liver development, surprisingly little has been studied in regards to their roles during liver regeneration. Our findings that liver regeneration is perturbed during the first 5 d after PH, when BMP signaling is blocked, are in agreement with recent reports (10) that administration of neutralizing Bmp-7 antibodies or Alk3-Fc chimeric proteins in mice result in impaired liver regeneration after PH. Administration of rhBMP-7, in contrast, significantly enhances liver regeneration and function during the first 4 d after PH, suggesting that it primarily functions in enhancing the proliferation of hepatocytes (10) . Our in vitro findings, which demonstrate a positive effect of BMP-2 on proliferation of hepatocytes in culture, support the findings that BMPs are playing a crucial role in liver regeneration in zebrafish, most likely via regulating hepatocyte proliferation during the first days after PH.
In mice, FGFs have been described as mitogens for adult hepatocytes during regeneration (33, 34) . Injection of FGF-2 in hepatectomized rats was found to induce hepatocyte proliferation. Furthermore, FGF-2 protein is elevated during the first 4 d after PH in mammals (12) . However, FGF-2-knockout mice display no difference in liver regeneration dynamics after PH, most likely due to functional substitution by VEGF or functional redundancy by other FGF family members (12, 35) . We found that in zebrafish the blockage of FGF signaling after PH led to a strong reduction in liver mass recovery, especially during the first 5-7 d after PH, comparable to the effects seen in fish that express dnBMPR. Interestingly, many studies in zebrafish revealed a crucial role for FGF as a key regulator of epimorphic or facultative regeneration by controlling the formation and function of the blastema (16, 36 -38) . Heat-induced expression of dnFGFR1 in transgenic fish results in a block of blastema formation and a block of fin regeneration after amputation (16, 39) . Indirectly, these results support our findings that the zebrafish liver does not regenerate via formation of a blastema after PH and, therefore, most likely does not regenerate in an epimorphic manner because the expression of dnFGFR1 led to a delayed regenerative response but not a complete block. Both dnFGFR and dnBMPR mutant lines showed only a temporary impairment of regeneration after PH, predominantly during the first 4 -5 d. The mutant and control fish were subjected every night to heat shock and controlled for GFP expression, a protocol previously used by others successfully to block FGF/BMP signaling in adult zebrafish (16, 40) . Therefore, we can exclude downregulation of the expression of the dominant-negative receptors driven by the heat-shock-sensitive promoter. The most likely explanation for the recovery of the regeneration potential after d 5 and, similar to the findings in mice, is a redundancy in molecular signaling pathways that might have compensated for the loss of FGF and BMP signaling during regeneration. Both pathways seem to play crucial roles at the early steps of regeneration, and it is known that BMP and FGF signaling can also compensate for each other, e.g., in hepatoblast specification, where BMP2b can partially compensate for FGF (14) . However, in order to define the precise function and epistatic relationship between these pathways, it will be necessary to identify the ligands that activate the FGF and BMP signaling cascade after PH. In addition, we have shown that in zebrafish the Wnt/␤-catenin pathway is also rapidly activated after 1/3 PH and almost completely diminished by d 3 post-PH, as seen by nuclear ␤-catenin staining. These findings are in strong agreement with the findings observed in rodents and support our hypothesis of a compensatory regeneration process. A previous study (8) that demonstrated the importance of the Wnt/␤-catenin pathway in liver regeneration after PH following the published protocols in zebrafish mutants is also in agreement with our findings, as these authors also found, only very rarely, nuclear ␤-catenin 3 d after PH in wild-type animals.
By establishing a detailed PH protocol, we have shown that the zebrafish liver regenerates in a fashion remarkably similar to that seen in mammalian liver. The similar kinetics and proliferative response mediated by hepatocytes as well as the presence of key signaling cascades known to play crucial roles during mammalian liver regeneration make the zebrafish, with its possibilities for fast chemical and genetic screens, an extremely attractive model system to study the process of regeneration. Recent comparisons of gene expression signatures between zebrafish and human liver tumors revealed high molecular conservation at various levels between fish and human liver tumors (41) . Therefore, we believe that our PH protocol combined with the advantages of the zebrafish system will help to identify the molecular mechanisms underlying liver regeneration under normal as well as pathological conditions.
